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Abstract 
The complexity of a multi phase flow in microgravity arises mainly from the fact that the phases can distribute themselves in 
numerous ways with reduced buoyancy giving rise to a variety of interfacial configurations of different scales. Using 
Lagrangian smoothed particle hydrodynamics method, efforts have been made to capture interfacial configurations under 
reduced gravity condition. Further, a diffuse interface approach has been taken to model the evolution of the interface.  
Simplest interfacial configuration i.e. bubble formation from submerged orifice is modeled to show the extent of complexity 
can arise in reduced gravity situations. From the numerical snapshots, a periodic detachment and attachment of bubbles with 
its successor for lower gravity level is observed. Simulations for different air flow rates through orifices and gravity levels 
show that the rate of periodic attachment and detachment increases with reduction in gravity level and increase in the flow 
rate.  
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1. Introduction 
Simultaneous association of different miscible or immiscible phases under microgravity condition is becoming an 
upcoming field of research due to the recent developments of space technologies. Multiphase phenomena are 
commonly encountered in different aerospace applications and space systems ranging from cryogenic fluid 
storage and transportation for propulsion and life support systems to the thermo-chemical control of power 
generating and distributing equipments. However, gas liquid multiphase flow are yet to found wide application in 
avionics and spacecraft owing to specific process uncertainties related to interface and associated reliability 
issues under low gravity environment. Even the simplest case of bubble formation under reduced gravity 
 
* Corresponding author. Tel.: +91-3222-282916; fax: +91-3222-282278. 
E-mail address: pkd@mech.iitkgp.ernet.in 
© 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
Selection and/or peer-review under responsibility of the Technical University of Denmark, Department of Mechanical Engineering.
 A.K. Das and P.K. Das /  Procedia IUTAM  18 ( 2015 )  8 – 17 9
situation poses several new physics as compared to its normal gravity counter part. Influence of buoyancy is the 
most important for the bubble detachment and formation of new bubbles at the orifice mouth. It becomes more 
pronounced when bubble is allowed to form under microgravity level in the space.  
Till date researchers tried experimentally [1] as well as theoretically [2] to investigate the phenomenon in details 
under micro-gravity condition. Pamperin and Rath [3] proposed two different situation of bubble formation with 
the change of gravitational force. They noticed that at very low gravity the bubble does not leave the orifice 
mouth but elongates in nature in axial direction. They also proposed that in the absence of gravitational force 
bubble size at the time of departure becomes directly proportional to the orifice mouth radius under the action of 
surface tension through experiments. Tsuge et al. [2] experimentally supports the observation of Pamperin and 
Rath [3] and develops a non spherical model for the bubble formation under low gravity. Using the model they 
have shown that the bubbles are glued with the orifice mouth at lower gravitational pull. Di Macro et al. [4] 
studied the formation of N2 bubble in the pool of FC-72 under the gravity range of 10
-4 times of the normal 
gravitational pull. They have reported that at small flow rates the bubbles never departs from the orifice mouth 
whereas it leaves the orifice mouth due to gas momentum for high flow rates. Carrera et al. [5] observed the 
bubble detachment from the orifice mouth for a wide range of Weber number. In their observation bubbles are 
coalesced with the preceding bubble at low flow rates before forming dispersion due to gas momentum. Recently, 
Chakraborty et al. [6] numerically studied bubble detachment from submerged orifice under constant inflow 
condition, at normal and reduced gravity levels using a combined volume of fluid level set method. Despite of the 
continuous efforts it can be said that bubble formation under microgravity received less attention as compared to 
its normal gravity situation [7]. 
In this paper we have tried to numerically model bubble formation from an orifice mouth above a constant 
pressure tank under reduced gravity condition. We have used Lagrangian smoothed particle hydrodynamics for 
the simulation covering a wide range of gravity.  
 
2. Model development 
The physical problem (schematically shown in Figure 1) has been idealized as two compartments separated by a 
rigid partition with a central circular hole. Chambers are large enough compared to the volume of a bubble so that 
wall effect and change of chamber pressure due to bubbling can be neglected. Pressurized air occupies the lower 
compartment while the upper compartment comprises water with free surface. Both the cylinders are taken 
sufficiently large enough so that the generation of a single bubble and its departure from the orifice does not 
influence the system. Initially the orifice is closed and at the start of the simulation it opens all of a sudden.  
The basic idea of smoothed particle hydrodynamics is to discretize the domain of interest into a number of 
ordered particles having mass mi, velocity vi and density ρi. Absence of any physical connectivity between the 
particles makes the domain meshfree. Evolution of these properties or other thermo physical properties for a 
particle depends on the weighted average of the same of its neighbors. The span of the neighborhood of a particle 
is determined by its smoothing length, h. Following steps are to be incorporated for the application of the 
methodology in two phase flow systems: 
Field function approximation is made using integral representation method which is commonly termed as kernel 
approximation. The approach is as follows: 
      , .f x f x W x x h dx
:
c c c ³                                                           (1) 
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Figure 1: Schematic diagram of the bubble formation from the orifice mouth under reduced gravity 
 
here,  ,W x x hc is the smoothing function having unity property and delta function property [8]. After that, 
particle approximation has been made that converts the integral equation into summations over all the 
neighboring particles. The particle approximation for a function at particle i can be written as: 
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mf x f x wU  ¦                                                             (2) 
The error involved in approximating the function f(x) by the summation is generally of second order or better [9]. 
The main advantage of the method is that spatial derivative of a function can be easily tackled by transferring the 
derivative over the kernel function. Following the same argument, nth derivative of a function f(x) can be written: 
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As the particle approximation is introducing mass and density of the particle into the equation it can be said that 
hydrodynamic problems where density is a key parameter, can be solved easily using this methodology. 
Particulate nature of the domain helps to calculate the density field without solving mass conservation equation. 
This is termed as summation density approach and can be written in the following fashion: 
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Interface between the liquid and gaseous phase is considered as thin but diffused along a thickness ξ. Interfacial 
diffusion is correlated with the chemical potential (φ) gradient to track the mobility. After using kernel and 
particle approximation, chemical potential of any particle (φi) can be written as: 
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Cn is the Cahn number and can be expressed as the ratio between mean interfacial thickness and the mean bubble 
diameter. Like other thermo-physical properties, one color code (Ci) has been assigned to the fluids having +1 
value for the liquid and -1 for the gas. For the particle based continuum, conservation equation of C can be 
written in the following form: 
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In equation 6, km is the mobility and taken as 10
-4. Using kernel approximation and particle approximation 
momentum equation of the continuum simplifies into: 
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 Cap is the particulate capillary number which is defined as 
follows: 2 2
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In the above formulation, iv
D is the absolute velocity of particle i and ip  is the pressure of particle i. For 
calculating the Neumann-Richtmyer artificial viscosity ij[  Monaghan and Gingold [10] related particle 
distribution with the viscosity in the following manner: 
2 2
.ij iji
j ij
hv x
x
P K ¦                                                                      (8) 
where, η2 = 0.001h2, vij and xij is the relative velocity and distance of two particles i and j. Smoothing length (h) 
is an important parameter for the method as it controls the accuracy and computational efficiency of the problem. 
So it is necessary to dynamically evolve h in order to ensure unity property of the smoothing function. Benz [11] 
suggested one methodology which correlates change of smoothing length with dynamic density. In the present 
paper we have followed the same criteria as depicted in equation 7. 
1
.
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U
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To maintain a quasi-compressible state for the fluids a relation between the particle density and fluid pressure is 
necessary. Following relationship has been used following Monaghan and Gingold [10] correlation: 
0
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                                                                (10) 
Here ρ0 is the reference density measured at the atmospheric pressure. Value of f and B is 7 and 3.04X108 
respectively [8].  
For the surface over which the bubble rests, two layers of particles are placed at the boundary. These particles 
pose a Lennard Jones type resistive force to the interior particles. The expression for resistive force is as follows: 
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Here, r is the scaler distance between the boundary particle and the fluid particle. r0 is the minimum spacing of 
the particles. D is assumed to be 15g times of the initial spacing of the particles. No-penetration and no-slip 
conditions can be implemented by including the boundary particles in the summation for the viscous terms. 
Similar treatment has also been applied for the interface to stop an abrupt mixing of the phases. The time step is 
determined taking care so that physical rate of propagation of information to be less than that of the numerical 
propagation rate. Cubic spline is considered as a kernel function for particle to particle interaction. Nearest 
neighboring particle searching (NNPS) technique is used to identify the particle under influence for a particle. 
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Surface tension force is applied in the momentum equation as a source term. Continuum Surface Force method 
(CSF) has been applied to calculate force per unit volume, Fs which follows the following equation: 
.s s sF f G                                                        (12) 
here, δs is the surface delta force which maximizes at the interface and fs is the force per unit area. A color 
attribute Cs is set to 1 for liquid phase and 0 for gaseous phase. Following the idea of Morris et al. [12] surface 
tension forces per unit area can be computed as: 
2 .s s
nf C
n
V                                                                  (13) 
here, σ is the surface tension force along the normal direction of the interface. n can be calculated as 
sn C  . 
3. Results and discussion 
Prediction of bubble contour is very important even under microgravity condition as it governs the flow field, the 
interfacial mass transfer and finally the rate of bubble detachment. Using our present model efforts has also been 
made to generate the bubble contour at the time of departure from the orifice mouth under micro gravity 
condition. Figure 2 shows the bubble contour at 0.02g from an orifice of 1.5 mm diameter. The flow rate through 
the orifice for the present simulation is kept at 3.75 X 10-7 m3/s. Corresponding non-dimensional numbers are 
2
We 6.15g o g
u d U
V   and Fr 12.37
g
o
u
gd
  . For validation of the obtained interfacial shape, published result 
from Herman et al. [13] is also presented in the same figure. A good matching from the figure confirms the 
predictability of the particle-based method at low gravity situation.  
Simulations have also been done for different gravity level for the bubble evolution from the orifice mouth. For 
simulations orifice diameter and air flow rate is taken as 3 mm and 3.0 X 10-6 m3/s respectively which leads to 
We = 0.009. Figures 3a shows the bubble shapes at 0.1g gravity level ( Fr 7.82 ) for different instant of time. It 
can be observed that the bubble size is quite big as compared to the size of the bubble under normal gravity 
condition. The shape of the bubble is also elongated in the stream wise direction. Bubble release from the orifice 
mouth has been observed at 0.06 s. It can be said that bubble detaches from the orifice mouth due to the gas force 
exerted on the bubble from the lower chamber with high pressure. 
 
 
Figure 2. Comparison of simulated bubble contour with the results of Herman et al. [13] 
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   (a)                                                                                     (b) 
 
  
   (c)                                                                                     (d) 
  
      (e) 
Figure 3. Bubble growth (a-c) and detachment (d-e) for the case of 0.981 m/s2 gravity level (Orifice diameter 3 
mm and flow rate 3.0 X 10-6 m3/s; i.e. We = 0.009 and Fr = 7.82) 
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   (g)                                                                                     (h) 
 
    
(i)                                                                                     (j) 
  
   (k) 
 
Figure 4. Bubble growth (a-f) and detachment (g-k) for the case of 0.00981 m/s2 gravity level (Orifice diameter 3 
mm and flow rate 3.0 X 10-6 m3/s; i.e. We = 0.009 and Fr = 78.2) 
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Next simulations have been made for further lower gravitational level to see the effect of buoyancy force on the 
shape of the bubble. Figures 4 shows the locations and contour of the bubble from the orifice mouth at different 
time level under the action of 0.001g pull (Fr = 78.2). It can be observed from the numerical results that at this 
gravitational level the bubble shape becomes rather elongated. It detaches from the orifice mouth at 0.054 s but 
again combines with the next embryo to make a bigger bubble. The composite bubble finally detaches from the 
orifice mouth as time progresses when the volume of the bubble becomes large enough to overcome the surface 
tension forces.  
It has been observed using the numerical simulation that at lower flow rate this detachment and reattachment of 
the bubble with the tiny embryo at the orifice mouth continues for a longer time. For high flow rate the number of 
periodic attachment and detachment is small. This depends on the level of gravitational level and the difference 
of the fluid densities. Whenever the mass of the bubble is sufficient enough to overcome the surface tension force 
of the bubble it moves up. Otherwise after the detachment it cannot continue its upward movement and falls back 
over the succeeding embryo. 
Efforts have also been made to study the effect of different magnitude of gravitational acceleration over bubbling 
process. Figure 5 shows the bubble contour at three different gravitational levels. At normal g condition bubble 
formation and detachment are regular and takes relatively low time (0.55s) compared to the other ‘g’ level. 
Bubble contour at 0.1g conditions (Fr = 7.82) at the time of departure shows an elongated profile compared to the 
bubble at normal g. Bubble formation time is also large (0.85 s) in that situation that clearly shows the absence of 
buoyancy force in gas momentum equation. Further decrease in gravitational force (0.001g i.e. Fr = 78.2) 
generates more elongation in bubble contour in axial direction. It also takes more time to detach from the orifice 
compared to the other gravitational ranges. This clearly shows that bubble detachment can be really difficult if 
the gravitational force is further decreased. Using this present diffused interface based smoothed particle 
hydrodynamics model formulation, further studies can reveal the complex behaviour of bubble formation under 
micro gravity condition. Similar studies can also be made for different complex interfacial behaviour. 
 
 
Figure 5. Bubble contour at the time of departure for different gravity condition from the orifice mouth 
at We = 0.009 
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4. Conclusion 
Bubble formation from a submerged orifice under microgravity condition is simulated numerically using 
smoothed particle hydrodynamics. A wide range of gravitational acceleration has been taken for numerical 
simulation of the bubble formation, its growth and subsequent departure. It has been observed that there is a 
periodic detachment and attachment of bubbles with its successor for lower gravity level. The number of 
detachment and reattachment depends on mostly the flow rate through the orifice and the gravity level. It has 
been observed that at low flow rate the number of attachment and detachment is small whereas it increases with 
the flow rate. It is also true for the decrease of gravitational pull. At low ‘g’ level this periodic attachment and 
detachment increases. Based on the insights from the numerical simulations propositions can be made in future 
for optimum conditions i.e. gravity and flow rate of desired bubble period. As it is difficult to conduct 
experiments under reduced gravity conditions the above simulation can be very useful for the design and 
performance analysis of space systems. 
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